Increasing incidences of impaired reproductive functions in humans and animals, observed over the past few decades, have raised concerns about certain chemicals known as endocrine disruptors (EDs)[@ref1]. Recent evidence shows that even low-dose exposure to EDs causes adverse effects to human health[@ref2]. One of these EDs is bisphenol A (BPA), a monomer widely used in the synthesis of various polycarbonate plastics. A large amount of evidence links exposure of BPA to endocrine disruption in laboratory animals and various reproductive health disorders in humans[@ref1]. An earlier study using rats has shown adverse effects of BPA exposure even at low-dose range[@ref3]. A significant decrease in testis and epididymal weight was reported in adult male Wistar rats exposed orally for 45 days to 0.2, 2 and 20 μg/kg body weight (BW)/day, while an increase in ventral prostate weight occurred at all doses[@ref4]. Oral administration of BPA (2-200 ng/kg BW) for six days showed decreased sperm count and affected testicular weight and structure in adult male rats[@ref5]. A previous study from our laboratory demonstrated that perinatal exposure to BPA led to alterations in the testicular expression profile of steroid receptor coregulators in the testis[@ref6]. Even neonatal exposure of male rats to BPA caused alterations in the expression of Sertoli cell junctional protein, leading to impairment in spermatogenesis[@ref7].

Severe deformations of the acrosome and spermatid nucleus along with abnormal ectoplasmic specialization in BPA-treated rat testis were observed[@ref8][@ref9]. An ultrastructural analysis demonstrated the presence of vacuoles in mitochondria of spermatids, Sertoli, Leydig and peritubular myoid cells on postnatal day 21 of ICR mice treated with 100 nmol/l of BPA[@ref10]. It has been argued that results derived from these studies cannot be extended to humans due to dissimilarities between rodent and human endocrine systems[@ref11]. Considering this, an animal model more proximal to humans in terms of its reproductive parameters is required to assess the effects of BPA on the reproductive functions. Common marmoset (*Callithrix jacchus*) is a New World monkey, belonging to *Callitrichidae* subfamily. Marmosets have been used in developmental or reproductive toxicity studies owing to its spermatogenic organizational similarities to humans and are proposed as a suitable model for investigating spermatogenesis[@ref10][@ref12]. The present study was, therefore, undertaken to elucidate the effects of BPA on the testis of common marmosets.

Material & Methods {#sec1-2}
==================

The experiments were performed at the National Institute for Research in Reproductive Health (NIRRH), Mumbai, India. Sixteen adult male marmosets bred in our colony were selected for the study. Animals were housed individually in stainless steel cages and maintained under controlled temperature (23°C±1°C) and humidity (55%±5%) and in a 14 h light/10 h dark cycle. The monkeys were fed daily on a diet consisting of an apple or an orange or a sweet lime, bread, whole milk powder and bananas. Dry dates, egg, vitamin D~3~ (2500 IU/animal), vitamin B~12~ (0.5 ml/animal), multivitamin drops (0.25 ml/animal) and calcium solution (0.2 ml) were also provided. Water was provided *ad libitum*. The study was approved by the Institutional Animal Ethics Committee (IAEC/NIRRH/07/10) with a nominee from Committee for the Purpose of Control and Supervision on Animals (CPCSEA).

BPA was procured from Sigma Chemical Co., USA. Sodium cacodylate buffer, araldite, dodecenyl succinic anhydride, 2,4,6-tri(dimethyl aminomethyl) phenol, uranyl acetate and osmium tetraoxide (OsO~4~) were procured from Ted Pella Inc., USA.

*Dose selection*: The BPA doses were selected based on previous toxicokinetic study in marmoset (unpublished data). Primates have been considered as good model owing to its similarity to humans in hepatic blood flow rate. BPA at 10 mg/kg BW was administered to marmosets (n=2) orally. Blood (0.2-3 ml) was collected from the femoral vein at 0.15, 0.30, 1, 2, 4, 6 and 24 h time points after BPA administration. The maximal plasma BPA concentration (C~max~) achieved was 204 ng/ml in one hour (T~max~) ([Fig. 1](#F1){ref-type="fig"}). The safe human exposure dose reported by the National Toxicology Programme is 2.4 mg/kg BW/day[@ref13]. Based on our toxicokinetic study (unpublished data), we selected doses 2.5, 12.5 and 25 mg/kg BW/day to study the effects on spermatogenesis in adult marmoset.

![Toxicokinetic study of bisphenol A in plasma from adult male marmoset during the 24 h after oral administration at10 mg/kg body weight (BW) dose. The C~max~ was 204 ng/ml at one hour (T~max~).](IJMR-146-126-g001){#F1}

*Experimental design*: BPA was dissolved in a small volume of ethanol (99% pure) and was then suspended in honey to obtain the desired concentrations of 2.5, 12.5 and 25 mg/kg BW/day. Sixteen adult male marmosets weighing 300-450 g on an average were divided into four groups (four animals/group), Group I: vehicle control (honey), Group II: BPA 2.5 μg/kg/day, Group III: BPA 12.5 μg/kg/day and Group IV: BPA 25 μg/kg/day. All marmosets were orally fed with these doses for 70 days to cover two complete spermatogenic cycles.

*Haematology, serum and hormonal parameters*: At the end of the treatment, 1 ml blood was drawn from the femoral vein for analysis of various haematology and serum biochemical parameters. The testosterone and oestrogen levels were analyzed on AIA 360 Automated Immunoassay Analyzer (Tosoh Bioscience, USA) using ST-AIA PACK competitive enzyme immunoassay(Tosoh Bioscience, USA). An assay was performed using the manufacturer\'s instructions; briefly, serum samples from control and treatments group were incubated with testosterone/E2-specific monoclonal antibody immobilized on a magnetic solid phase. The magnetic beads were washed to remove unbound enzyme-labelled testosterone/E2 and then incubated with a fluorogenic substrate, 4-methyl-umbelliferyl phosphate. The amount of enzyme-labelled testosterone/E2 that binds to the beads was inversely proportional to the testosterone/E2 concentration in the test sample. A standard curve was constructed, and sample concentrations were calculated using respective curves.

*Sample collection and processing*: Animals from treated and control groups were sacrificed by an excess dose of anaesthesia (thiopental sodium) after 70 days. All vital organs namely- heart, liver, kidney, lung, brain and spleen, were collected and weighed. The testes were sectioned through transverse axis into two halves. Further, one-half of the testis was processed for light microscopy and another half for electron microscopy analysis.

*Light microscopy*: Testes were fixed in 10 per cent neutral buffered formalin for 48 h and processed in an automatic tissue processor (Leica ASP200, Germany). Paraffin sections (5 μm) were stained with haematoxylin and eosin and examined under light microscopy (Leica AS LMD, Germany). Quantification of germ cell and Sertoli cell (100 tubules per testis) was performed by calculating the percentage of stage frequencies[@ref14].

*Transmission electron microscopy*: Tissues were sliced into 1-2 mm^3^ pieces and fixed in modified Karnovsky\'s fixative (4% glutaraldehyde + 4% paraformaldehyde + 0.2% picric acid + 0.02% calcium chloride + 0.2 M cacodylate buffer) for four hours at 4°C. Tissue specimens were post-fixed in one per cent OsO~4~ in cacodylate buffer (pH 7.2) for two hours at 4°C. Dehydration of the fixed tissues was performed using ascending grades of acetone. Tissues were transferred to epoxy resin (araldite) via toluene[@ref8]. After impregnation with the pure resin, tissue specimens were embedded in the same resin mixture. Ultrathin sections of silver shades (60-70 nm) were cut using an ultramicrotome (Leica Ultracut R, Leica Microsystems, Wetzlar, Germany) and stained with uranyl acetate and lead citrate. Stained sections were finally observed under transmission electron microscope (TECNAI, 12 BT, FEI, USA) operating at 120 KV.

*Statistical analysis*: For all the toxicological evaluations, the results of the treatment groups were compared with those of the control group using Student\'s ttest.

Results {#sec1-3}
=======

The animals did not exhibit any treatment-related abnormal clinical signs and symptoms. There was no mortality during the study. Average body weight (in grams) of the animals was 415±28.68, 403±29.09, 405.5±23.17 and 410±51.82 for groups I, II, III and IV, respectively.

*Haematology and serum biochemical parameters*: There was no significant difference in various haematological parameters in the treatment group as compared to control ([Table I](#T1){ref-type="table"}). Further, no significant difference in various clinical chemistry parameters was observed, except the lipid profile of the animals treated with 25 mg/kg BW/day of BPA. A significant increase in low-density lipoprotein (LDL) and cholesterol levels was observed without the change in high-density lipoprotein levels in the high-dose (25 μg/kg BW) group ([Table II](#T2){ref-type="table"}).

###### 

Mean haematological parameters of control and bisphenol A-treated marmosets

![](IJMR-146-126-g002)

###### 

Mean clinical chemistry parameters of control and bisphenol A-treated marmosets

![](IJMR-146-126-g003)

*Blood hormone levels*: A significant (*P*\<0.05) decrease in testosterone level was observed in 12.5 and 25 mg/kg BW/day groups as compared to control ([Fig. 2A](#F2){ref-type="fig"}). No significant change was observed in the oestrogen levels of the treated group ([Fig. 2B](#F2){ref-type="fig"}).

![(**A**) Serum testosterone and (**B**) oestrogen levels. Bars correspond to estimated mean hormone values±standard deviation, N=4, \**P*\<0.05 compared to control.](IJMR-146-126-g004){#F2}

*Light and electron microscopy analysis*: The light microscopy analysis of the testis of the control marmosets exhibited typical arrangement and population of germ cells and Sertoli cells. It showed typical morphology with different stages of spermatogenic cells (Fig. [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). In 2.5 μg/kg BW/day group, no changes were observed and were comparable to the control group (Fig. [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}), whereas 12.5 mg/kg BW/day BPA-treated group showed sloughing of germ cells into the lumen and increase in interstitial space (Fig. [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). Quantification data showed a decrease in germ cells number at round spermatid (RS) and elongated spermatid (ES) level; however, there was no change in Sertoli cell number observed in this group ([Table III](#T3){ref-type="table"}). In the case of 25 mg/kg BW/day group, a marked decrease was observed in primary spermatocyte, RS and ES cell numbers, whereas Sertoli cell number did not change. However, intercellular spaces and vacuoles were observed in the cytoplasm of the Sertoli cells in some of the seminiferous tubules (Fig. [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}), while the rest of the tubules seemed normal.

![Representative images of Haematoxylin and Eosin (H & E) stained testis. (**A** and **B**) Control group; (**C** and **D**) 2.5 mg/kg BW group was comparable to the control. (**A** and **C**: ×10 and **B** and **D**: ×40).](IJMR-146-126-g005){#F3}

![Representative images of Haematoxylin and Eosin (H & E) stained testis. (**A** and **B**) 12.5 mg/kg BW dose showed sloughing of cells into the lumen (arrowhead) and presence of vacuoles (V) in Sertoli cytoplasm; (**C** and **D**) 25 mg/kg BW group showed disintegration of cellular morphology (star) with reduced mature spermatids. (**A** and **C**: ×10 and **B** and **D**: ×40).](IJMR-146-126-g006){#F4}

###### 

Quantification of germ cell and Sertoli cell numbers

![](IJMR-146-126-g007)

Electron microscopic observations revealed alterations in the testicular cells. On analysis, the low-dose (2.5 μg/kg BW/day) group did not show any ultrastructural changes deviant from the control group (data not shown).

*Lamina propria*: Ultrastructural observation of the control marmoset showed normal lamina propria composed of collagen fibres, peritubular myoid cells and basement membrane. The lamina propria was surrounded by layers of peritubular cells embedded in a framework of collagen ([Fig. 5A](#F5){ref-type="fig"}). As compared to control group, perturbed lamina propria was observed in some of the tissue sections in middle- and high-dose groups. In middle-dose (12.5 mg/kg BW) group, irregular tubular basement membranes with finger-like projections were seen (Fig. [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). High-dose (25 mg/kg BW) group had some vacuolated and degenerated lamina propria (Fig. [5D](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}). The lamina propria was more thickened (\~6 μm) with fibrous connective tissue than in control groups (\~2 μm) (Fig. [5E](#F5){ref-type="fig"} and [F](#F5){ref-type="fig"}). Collagen fibres were also found to be increased in high-dose group ([Fig. 5E](#F5){ref-type="fig"}).

![Electron micrograph of the lamina propria. (**A**) Control testis showing normal lamina propria having collagen fibres (arrowhead), peritubular myoid cells (star) and basement membrane (BM). (**B** and **C**) The testis of 12.5 mg/kg BW group showing signs of damage and fingerlike projections (arrowhead, star) of basement membrane. (**D**) Basal lamina of high-dose group showing vacuolation (V) and thickening of basement membrane, (**E**) increase in collagen fibres and membrane damage, (**F**) highly thickened and vacuolated basal lamina. Scale bar for (**A**, **B** and **D**) 0.2 μm, (**C**) 1 μm and (**E** and **F**) 2 μm.](IJMR-146-126-g008){#F5}

*Sertoli cells*: Sertoli cells of the control group were normal with regular nuclear membrane and no evident morphological abnormalities. The Sertoli cells had a deeply indented nucleus, homogeneous nucleoplasm and prominent nucleolus ([Fig. 6A](#F6){ref-type="fig"}). The cytoplasm of the Sertoli cells was extended from the basal lamina to the lumen of the seminiferous tubules having close contact with adjacent germinal elements ([Fig. 6B](#F6){ref-type="fig"}). The cytoplasm contained rosettes of glycogen granules, free ribosome, oval mitochondria, lipid droplets and lysosomes. The Sertoli-to-Sertoli and Sertoli-to-germ cell junctions were intact in case of the control group. By contrast, the BPA-treated 12.5 and 25 μg dose groups showed degenerative changes in Sertoli cell nucleus and the cytoplasm. In 12.5 μg/kg BW/day group, Sertoli cell nucleus was found shrunken with a lot of electron dense secretory products ([Fig. 6C](#F6){ref-type="fig"}). Cytoplasm was vacuolated with degenerating germ cells ([Fig. 6D](#F6){ref-type="fig"}). In 25 mg/kg BW/day group, clear signs of pyknosis were seen in the nucleus such as broken nuclear membrane with fragmented chromatin ([Fig. 7A](#F7){ref-type="fig"}). Sertoli-to-Sertoli and Sertoli-to-germ cell junctions were also severely damaged containing degenerated germ cells in high-dose group ([Fig. 7B](#F7){ref-type="fig"}). In this group, degenerative changes in the form of necrosis and severe vacuolization were also observed (Fig. [7C](#F7){ref-type="fig"} and [D](#F7){ref-type="fig"}).

![Testicular ultrastructure of the Sertoli cell. (**A** and **B**) Control animals showing the nucleus (N) and nucleolus (Nu), tight junctions (J) and other intact cellular organelles (star). (**C**) The animals in 12.5 mg/kg BW/day experimental group showing shrunken Sertoli cell nucleus (N) with secretory products. (**D**) Ultrastructure of vacuolated and degenerating germ cells (arrow). Scale bar for all is 2 μm except for (A) is 0.2 μm.](IJMR-146-126-g009){#F6}

![Testicular ultrastructure of the Sertoli cell in 25 mg/kg BW/day dose group. (**A**) Sertoli cell nucleus showing signs of pyknosis. (**B** and **C**) Testis ultrastructure showing damaged cellular junctions and germ cells. (**D**) Highly vacuolated (star) Sertoli cell cytoplasm in high-dose group. Scale bar for all is 2 μm.](IJMR-146-126-g010){#F7}

*Leydig cells*: The electron micrograph of the Leydig cell from the control group had normal cellular organelles and nucleus containing prominent rim of heterochromatin attached to the nuclear membrane ([Fig. 8A](#F8){ref-type="fig"}) as well as few lipid droplets. Testis ultrastructure of the 12.5 as well as the 25 μg/kg BW/day groups showed greater amounts of lipid droplets distributed all over the cytoplasm. In comparison to the control, Leydig cells of the middle- and the high-dose group had swollen mitochondria and highly granular cytoplasm (Fig. [8B](#F8){ref-type="fig"}-[E](#F8){ref-type="fig"}).

![Electron micrograph of the Leydig cell. (**A**) Control group showing nucleus (N) and cytoplasm. Leydig cell showing high lipid droplets (L) and granular cytoplasm in (**B** and **C**) 12.5 μg/kg BW/day as well as in (**D** and **E**) 25 μg/kg BW/day dose groups. Scale bar for all is 0.2 μm except for C is 2 μm.](IJMR-146-126-g011){#F8}

*Spermatogonial cells*: Spermatogonial cells of the control marmoset testis were found regularly arranged and with nuclei lying parallel to the tubular membrane. They had a spherical or ovoid nucleus with fine granular nucleoplasm, few mitochondria and plenty of free ribosomes in the cytoplasm ([Fig. 9A](#F9){ref-type="fig"}). The majority of the spermatogonial cells had no signs of abnormality in the control group. However, BPA-treated mid-dose (12.5 μg/kg BW/day) group demonstrated cellular alterations in some spermatogonial cells ([Fig. 9B](#F9){ref-type="fig"}). The cytoplasm of these spermatogonial cells along with surrounding Sertoli cell was relatively damaged having swollen mitochondria, cell debris and vacuoles ([Fig. 9B](#F9){ref-type="fig"}). It was found that a few spermatogonial cells were separated from the basal lamina and neighbouring cells by remarkable spaces ([Fig. 9C](#F9){ref-type="fig"}). However, in the high-dose (25 μg/kg BW/day) group, some spermatogonia showed apoptotic characters, with the observation of shrunken cell ([Fig. 9D](#F9){ref-type="fig"}), condensation and margination of chromatin, leading to the formation of a ring at the inner side of the nuclear envelope. In this group, a few spermatogonia showed nuclear changes as well as apoptosis (Figs. [9E](#F9){ref-type="fig"} and [F](#F9){ref-type="fig"}).

![Electron micrograph of the spermatogonia. (**A**) Control group showing normal spermatogonia (Sg). (**B** and **C**) The animals in 12.5 μg/kg BW/day dose group showed damaged germ cell having swollen mitochondria (star). Spermatogonial cells separated from basal lamina and having large vacuole (arrowhead). (**D**-**F**) The 25 μg/kg BW/day group showing degenerated spermatogonial cells and apoptotic spermatogonial cells (Sg). (**F**) Spermatogonial cell nucleus with condensed, marginated chromatin (Sg) and having degenerating cytoplasm. Scale bar for all is 2 μm except for B and E is 5 μm.](IJMR-146-126-g012){#F9}

*Spermatocytes*: A number of spermatocytes were noticed in the luminal part of seminiferous tubules in the control testis. These were found separated from the basal lamina by fine processes of Sertoli cell cytoplasm. The spermatocytes displayed round configurations with prominent spherical nuclei ([Fig. 10A](#F10){ref-type="fig"}). The nuclei had granular nucleoplasm and well-defined nuclear envelope. These appeared to have granular cytoplasm, round mitochondria and loose networks of rough endoplasmic reticulum. In contrast to control group, some spermatocytes showed altered nuclear structure containing more than two nucleoli and broken nuclear membrane (Fig. [10B](#F10){ref-type="fig"} and [C](#F10){ref-type="fig"}). More pronounced signs of spermatocyte apoptosis were seen in higher dose (25 μg/kg BW/day) of BPA-treated group. A part of the nuclear envelope was found missing in a few spermatocyte nucleus ([Fig. 10D](#F10){ref-type="fig"}) accompanied by chromatin condensation ([Fig. 10E](#F10){ref-type="fig"}) and chromatin clumping ([Fig. 10F](#F10){ref-type="fig"}). Some apoptotic spermatocytes were identified with a vacuolated nucleus and degenerated cytoplasmic residues ([Fig. 10F](#F10){ref-type="fig"}).

![Electron micrograph of (**A**) the spermatocyte (Sc) from control group with prominent well-defined nucleus and intact granular cytoplasm. (**B** and **C**) Spermatocyte showing degenerative signs having broken nuclear envelope and lipid droplets (arrowheads) and multi nucleoli (arrowhead) in middle dose group. High-dose group showed (**D**) Spermatocyte (Sc) with partly missing nuclear membrane (arrowhead), (**E** and **F**) apoptotic (star), spermatocyte (Sc), (**F**) Spermatocyte (Sc) showing chromatin clumping and nuclear vacuolation (arrowhead). Scale bar for all is 0.2 μm except for F is 2 μm.](IJMR-146-126-g013){#F10}

*Round spermatid (RS)*: RS from the control group was normal, with much smaller nucleus than spermatocyte. Nucleus presented clear nuclear membrane with no evident morphological abnormalities in the mitochondria and other organelles. Spermatids were well surrounded by Sertoli cell cytoplasm having distinct intact cellular junctions ([Fig. 11A](#F11){ref-type="fig"}). The mid-dose (12.5 μg/kg BW/day) BPA-treated testis showed RS with some ultrastructural abnormalities such as margination of chromatin and cytoplasmic vacuoles ([Fig. 11B](#F11){ref-type="fig"}). Cytoplasm surrounding the RS appeared degenerative with enlarged intracellular spaces and electron dense bodies ([Fig. 11C](#F11){ref-type="fig"}). Similar to other germ cells, RS also got affected at the higher dose of BPA treatment. Spermatid and Sertoli cell tight junction appeared disrupted. There were very few cellular organelles found intact in the cytoplasm ([Fig. 11D](#F11){ref-type="fig"}). The high-dose (25 μg/kg BW/day) treatment group had some degenerated spermatids showing shrunken nucleus and cytoplasmic debris ([Fig. 11E](#F11){ref-type="fig"}). At this dose, late stages of apoptosis were seen where the nuclear envelope was missing, accompanied by large cytoplasmic vacuoles ([Fig. 11F](#F11){ref-type="fig"}).

![Electron micrograph of the round spermatid. (**A**) Round spermatid (Sd) from control group having intact ultrastructure. (**B** and **C**) Round spermatid with marginated chromatin, vacuoles (V), necrotic cytoplasm (black arrowhead) and degenerative cellular organelle (white arrowhead) in 12.5 μg/kg BW/day group. (**D**-**F**) Damaged tight junctions (arrowheads) of round spermatid in 25 μg/kg BW/day dose animals. (**E**) Degenerated spermatid showing shrunken nucleus (star) and cytoplasmic debris (arrowhead). (**F**) At high dose, apoptotic round spermatid was observed. Scale bar for all is 1 μm except for E is 2 μm.](IJMR-146-126-g014){#F11}

*Elongating spermatid*: Normal spermiogenesis was marked with healthy elongating spermatids characterized by the presence of a proacrosomal vesicle situated on the pole of the nucleus in control marmoset testis ([Fig. 12A](#F12){ref-type="fig"}). Other developmental steps of spermiogenesis were also observed, which involved flattening of the proacrosomal vesicle against one pole of the spermatid nucleus and synthesis of acrosomal contents. The cytoplasmic organelles of the spermatids had no evident morphological abnormalities in the control group. On the contrary, BPA-treated middle-dose (12.5 μg/kg BW/day) testis presented some degenerated spermatids and Sertoli cell components along with healthy elongating spermatids ([Fig. 12B](#F12){ref-type="fig"}). A few elongating spermatid showed unusual morphology, such as abnormal acrosomal vesicle fused with shrunken Golgi complex ([Fig. 12C](#F12){ref-type="fig"}). Abnormalities in acrosomal vesicles and abnormal nuclear morphology such as condensed granules of chromatin with damaged nuclear envelope were observed in the 25 μg/kg BW/day dose group ([Fig. 12D](#F12){ref-type="fig"}). At this higher dose, a variety of ultrastructural deformations in the cytoplasm of elongating spermatid were marked. The broken cellular components and collapsed mitochondria could easily be observed as a sign of degeneration (Figs. [12E](#F12){ref-type="fig"} and [F](#F12){ref-type="fig"}). Deformity in acrosomal vesicle was noticed in few spermatids, where large vacuolar structure appeared fused with it ([Fig. 12F](#F12){ref-type="fig"}).

![Electron micrograph of (**A**) Healthy elongating spermatids having developing proacrosomal vesicle (P). (**B** & **C**) Degenerated spermatids and Sertoli cell components (arrowhead) in middle dose group, (**C**) abnormal acrosomal vesicle fused with shrunken Golgi complex (arrowhead). (**D**-**F**) Condensed granules of chromatin with damaged nuclear envelope (arrowheads) in high-dose group, (**E**) deformations in mitochondria (arrowhead) and cytoplasm (star) and (**F**) deformed acrosomal vesicle in elongating spermatid (arrowhead) and degenerative cytoplasm (star). Scale bar for A, B & F is 2 μm and for C-E is 0.2 μm.](IJMR-146-126-g015){#F12}

*Elongated spermatid (ES)*: Ultrastructure of the control testis showed many ESs with intact morphology. These had normal ESs with the typical shape of the head, intact cell membranes, acrosomes and homogenous condensed nuclei ([Fig. 13A](#F13){ref-type="fig"}), whereas some spermatids of the BPA-treated group showed ultrastructural deformities. A mid dose (12.5 μg/kg BW/day) of BPA appeared to have adverse effects on developing spermatid population. Among the prime abnormalities noted were acrosomal changes ([Fig. 13B](#F13){ref-type="fig"}) and perturbed integrity of the membrane ([Fig. 13C](#F13){ref-type="fig"}). Further, spermatozoa with abnormal morphology having head defects were observed in the lumen of high-dose (25 μg/kg BW/day) treatment groups. A number of apoptotic spermatids were found in this group that had vacuolated and collapsed membrane around the nucleus ([Fig. 13D](#F13){ref-type="fig"}). Electron micrographs of the testis from the high-dose group showed that deformed elongating spermatids were phagocytized by Sertoli cell, which resulted in engulfed spermatids in the cytoplasm of Sertoli cells ([Fig. 13E](#F13){ref-type="fig"}). An experimental group at the high dose also showed some severely damaged spermatid with head defects and degenerated cytoplasm of surrounding Sertoli cells ([Fig. 13F](#F13){ref-type="fig"}).

![Electron micrograph of elongated spermatids. (**A**) Transmission electron microscopic image showing control group containing intact acrosome, cell membrane and condensed nucleus. (**B** and **C**) Elongated spermatids from BPA 12.5 μg/kg BW/day treatment group showing perturbed membrane (white arrowhead) and acrosome (black arrowhead), (**C**) defect in acrosomal membrane (white arrowhead). (**D**-**F**) Apoptotic spermatids (black arrowhead) having vacuolated (star) and collapsed membrane around the nucleus in 25 μg/kg BW/day group, (**E**) engulfed spermatids, and (**F**) heavily damaged spermatid with head defects (arrowheads) and degenerated cytoplasm. Scale bar for A is 1 μm, for B-F is 2 μm.](IJMR-146-126-g016){#F13}

Discussion {#sec1-4}
==========

Widespread use of oestrogenic pollutant BPA in our daily lives led its entry in the food chain[@ref15]. The amount of BPA to which humans are exposed raises concerns about its adverse health effects[@ref16]. Previous studies have shown that BPA exposure has an adverse effect on daily sperm production and the structure of sperm cells[@ref8]. BPA exposure induces sperm abnormality by crossing the blood-testis barrier and interferes with the growth and development of sperm in Wistar rat[@ref17]. The significant amount of data are available to indicate the adverse consequences of BPA on testicular functions in adult male rats and mice. However, there is a need to generate data transposable to humans. This study was initiated in a non-human primate model common marmoset (*C. jacchus*) which is genetically similar to human.

Normal haematological and biochemical parameters were observed except an increase in the levels of LDL and cholesterol, indicating that high dose of BPA might cause adverse effects on lipid metabolism. Previous studies conducted in our laboratory showed that BPA exposure to rat during perinatal and neonatal period results in reduced testosterone level in male offsprings[@ref6][@ref7]. A similar effect was observed in adult marmoset upon BPA exposure, with reduced levels of testosterone. Histological analysis in the present study showed sloughing of cells into the lumen as well as a decrease in germ cell number at spermatocyte, RS and ES level that was in agreement with the previous reports[@ref18]. Similar observations with respect to germ cell sloughing were obtained in rat model in our previous study[@ref7].

Spermatogenesis is very dynamic and orchestrated process, in which germ cells undergo mitotic and meiotic divisions to produce ESs. Germ cells are vulnerable to external pollutants such as chemicals, drugs and radiation[@ref19]. Our transmission electron microscopic studies indicated damages in a few of the spermatogonial cells and more of the spermatocytes upon exposure to BPA. These included condensation of chromatin material, presence of more than two nuclei, disappearance of the nuclear envelope and numerous apoptotic changes. Similar effects were induced by other compounds such as malathion[@ref20] and cadmium[@ref21]. BPA caused degenerative changes in the form of vacuolation, membrane thickening and deformed basement membrane. The lamina propria maintains the structural integrity of the seminiferous tubules, and it is also a part of the blood--testis barrier in healthy adult males. Anomalies in the lamina propria are often associated with many testicular diseases. The thickened lamina propria is associated with disturbed spermatogenesis[@ref22]. An altered basement membrane structure might be a characteristic feature of functional impairment of the marmoset testis[@ref23].

Sertoli cells are the essential component of the blood-testis barrier that maintains the microenvironment around the germ cells and facilitates spermatogenesis. These are also the sources of growth factors and nutrients, which provide energy for germ cell meiosis[@ref23][@ref24]. In the present study, though a decrease in Sertoli cell number was not observed, degenerative changes in Sertoli cell nucleus and cytoplasm along with perturbed Sertoli-to-Sertoli and Sertoli-to-germ cell junctions were seen in one-third of the total tubules analyzed. These abnormalities in Sertoli cells might affect the nutritional intake and normal maturation of spermatogenic cells at various stages. The similar disruption of Sertoli cell ultrastructure was described in a previous study on rats treated with indenopyridine[@ref25] and cisplatin[@ref26].

Leydig cells synthesize androgens that promote spermatogenesis as well as maintain secondary sexual characteristics and sexual function after getting signals from luteinizing hormone. During the process of spermatogenesis, meiosis and sperm differentiation are facilitated by androgens[@ref27]. The androgen receptors are mainly distributed in Sertoli, Leydig and peritubular myoid cells[@ref9]. In contrast to control group, plenty of lipid droplets were observed in Leydig cells in both the 12.5 and 25 μg/kg BW/day treated groups. The number of lipid droplets is inversely proportional to the rate of androgen synthesis[@ref28]. The electron microscopic analysis depicted the lipid droplets in Leydig cells in the BPA-treated animals that could be a plausible reason for the reduced testosterone levels observed in the 25 μg/kg BW/day BPA-exposed group. Mitochondrial swelling and numerous lipid droplets in the Leydig cells have been observed under stress conditions in rat[@ref29]. It has been reported that androgen deficiency disturbs spermiation process by altering spermatid-Sertoli cell junctions. This further leads to premature detachment of RSs from Sertoli cells and seminal epithelium[@ref30]. These degenerative changes in Leydig cells may interfere with normal function and inhibit synthesis of androgens, which may further affect the spermatogenesis process.

Studies on mice and rats exposed to 20 and 200 μg/kg BW/day of BPA for six days showed transient changes in the ultrastructure of testicular cells[@ref8]. However, similar ultrastructural effects were observed after chronic exposure (70 days) to common marmoset at 12.5 and 25 μg/kg BW/day doses of BPA. Further studies are needed to determine if the effects of BPA are reversible[@ref8]. Likewise, swollen mitochondria and abnormal cytoplasmic contents, glycogen deposits, lipid and unusual membranous profiles were clearly evident as reported by other EDs such as dichlorodiphenyltrichloroethane, vinclozolin[@ref31] and perfluoro-octane sulphonate[@ref32]. A transcriptome analysis of BPA showed the differentially expressed genes being involved in important processes such as lipid metabolism, endocrine disruption and apoptosis[@ref33].

In conclusion, the adverse effects of the chronic treatment of BPA to the testis of common marmosets were demonstrated. This study provided information about BPA-induced reproductive toxicity in the adult male model. The observed ultrastructural changes in testicular morphology might be indicative of a perturbed sperm production and functioning. Considering the genetic and spermatogenic similarities of *C. jacchus* and humans, this study would be helpful in correlating the adverse effects in humans.
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